hp/ton).
INTRODUCTION
The University of Texas at Austin Center for Electromechanics (UT-CEM) is nearing completion of an off-road, active electromagnetic suspension (EMS) demonstration project. This project represents the first on-vehicle demonstration culminating from three previous demonstrations of active EM suspension technology. It is the next logical step in a program to improve cross-country mobility of military vehicles. The 18-month project required the design, fabrication, and testing of a high-performance offroad active suspension suitable as a bolt-on retrofit for (1) a standard military and (2) a developmental hybrid electric high mobility multiwheeled vehicle (HMMWV). The dual purpose of the suspension retrofit was to improve both cross-country speed and passenger comfort. The off-road performance metric used to evaluate performance is a combination of a maximum of 2.5 g's vertical acceleration and a maximum of 6 W average absorbed power [1] . The system was specifically required to be removable at the end of the program, so that the vehicles could be returned to their standard suspension arrangement if desired.
This paper presents an overview of previous UT-CEM technology demonstrations, followed by mechanical and electrical system design and integration. In addition, initial test results are presented showing a performance comparison with conventional passive HMMWV suspension systems. The paper concludes with suggestions for future efforts and a summary of system performance. The details of the linear actuator design and optimization were presented in SAE Publication #1999-0100730, "The Design of an Electromagnetic Actuator for an Active Suspension."
PREVIOUS TECHNOLOGY DEMONSTRATIONS
A passive suspension system compromises ride quality with handling. An active suspension system can overcome conflicting design goals by employing sensors to discriminate between vertical suspension displacements associated with terrain variations and those associated with the overturning forces which result while turning. As such, active elements in the suspension can respond to provide both a soft and comfortable ride with limited roll during turning. Hydraulic active suspension systems achieved limited success in off-road applications because response lag from hydraulic actuators results in terrain harshness being transmitted to the sprung mass. To anticipate response, attempts were made to preview terrain or "look-ahead;" however, these efforts provided only marginal improvements. At UT-CEM, an active approach has been employed which features an electromagnetic (EM) active force producing element that is "back-drivable" or reversible. Since parallel passive mechanical elements provide effective isolation from high frequency (>20 Hz) terrain variations, the actuator control bandwidth may be subsequently reduced with minimal effect on transmitted vibration and harshness [2] . country mobility. A summary of the three initial phases (M1-A single wheel demonstration system, 1/3 scale four-wheel laboratory test system, and linear actuator development program) is provided herein.
The initial phase of the EMS program was the design, fabrication and testing of a full-scale single wheel laboratory demonstration. The specific goal of this phase was to increase the crosscountry speed of a M1-A to 17.9 m/s (40 mph) without subjecting the vehicle occupants to greater than 5 m/s 2 (0.5 g's) rms vertical acceleration. The cross-country terrain utilized to validate the system was based on surveyed vertical height measurements from a 8.85 cm (3.486 in.) rms cross-country terrain located at the U.S. Army Waterways Experiment Station (WES) in Vicksburg, Mississippi. The vertical height measurements were reproduced utilizing a 300 kW (400 hp) servo-controlled hydraulic cylinder. Fig. 1 depicts the general layout of the M1-A single wheel test system. A comparison between simulated passive M1-A single wheel performance and measured active EMS test data is shown in Fig. 2 . The passive system exceeded the 3 m/s 2 (0.3 g's) rms vertical acceleration limit at 4.5 m/s (10 mph) while the active EM test rig transmitted only 0.4 m/s 2 (0.04 g's) rms vertical acceleration at 17.9 m/s (40 mph) [2] .
Following the initial M1-A single wheel proof-of-principle experiment, the next logical step was to determine if the same techniques could be applied to control multiwheel vehicles. In the second phase of the program a 1/3 scale, four-wheel model featuring geometry similar to the HMMWV was constructed (Fig.  3) . The scaling laws for the demonstrator were developed to insure that the subscale and full-size systems would respond equivalently. In addition, because gravity would have to be constant in both systems, accelerations were required to be scale independent. During the design of this system it was recognized that there is no substitute for suspension travel when required to provide a smooth ride across cross-country terrain. So the scale model was fabricated to have an equivalent full-size travel of 42 cm (16.5 in.) as compared to the standard travel of 25 cm (9.8 in.). Ride quality data is presented in Fig. 4 for the 1/3 scale model as it negotiated the equivalent of 42 cm (16.5 in.) peak to peak, 8 cm (3.1 in.) rms terrain at 17.9 m/s (40 mph). During this test the sprung mass acceleration did not exceed 1.4 m/s 2 (0.14 g's), while the wheel acceleration reached a maximum of 15 m/s 2 (1.5 g's) [3] .
In both of the initial programs, a direct drive actuator integration approach was utilized to eliminate potential control problems due to backlash. Unfortunately, the direct drive actuators were large and would have been difficult to integrate into small vehicles like the HMMWV. As a result, a third phase of the program was initiated to develop a lightweight linear actuator suitable for installation on a HMMWV or transit bus. A geared rack and pinion concept was selected and then optimized for the HMMWV application. The general layout and design features of the linear actuator developed during this phase of the program are illustrated in Fig. 5 Table 1 [4] .
MECHANICAL SUSPENSION SYSTEM DESIGN AND INTEGRATION
One goal initially identified for the suspension demonstration was to best demonstrate active suspension performance capabilities. This included the realm of HMMWV suspension geometry modifications within reason. Because previous UT-CEM programs indicated that increased suspension travel improved crosscountry performance, considerable integration effort was applied to improve the suspension travel and to incorporate a softer spring than that supplied on the HMMWV. It was observed during examination of the standard suspension that with the shock absorber removed, more than 25 cm (10 in.) of wheel travel was available. The travel limitations of the existing suspension components were determined through direct measurements or through consulting with manufacture representatives, as shown in Table 2 . The primary limits on suspension travel were defined by those of the standard shock absorber and spring. Since it was planned to replace these two components, the travel limits in the active suspended HMMWV were then determined by control-arm deflection and camber change. By accepting reduced life from the constant velocity (CV) joints and accepting some undesirable bump steer at the extremes of wheel travel, the designers increased suspension travel was increased from 18 to 36 cm (7 to 14 in.). Because the lever arm ratio is approximately 2, an actuator and spring with 18 cm (7 in.) total travel were required.
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8101.0079
8101.0079 The tires and wheels were omitted from the test rig and the wheel spindle attaches directly to the hydraulic terrain simulator hydraulics through a swinging yoke. The picture shows the completed 1/3 scale four-wheel HMMWV test rig. To increase the wheel travel on the HMMWV required the demonstration program actuator's length to be extended by approximately 10 cm (4 in.) in comparison to the prototype actuator described in the third phase above. This additional length was accommodated on the front wheels without any body sheet metal modifications; however, fitting the longer actuator to the rear suspension required a small protrusion into the cargo area.
Integrating the actuators and springs on to an existing vehicle required some design compromises because space was limited and time schedules dictated that the existing suspension be modified as little as possible. Two actuator and spring mounting approaches were considered: an actuator concentric with the spring arrangement (coil over) and an actuator located to one side of the spring arrangement (side by side). In the side by side arrangement, the roll bar attachment point would be used to connect the lower rod bushing of the actuator. Unfortunately, this location placed additional bending loads on the lower control arm. The concentric or coil over spring location prevented additional bending moments being placed on the lower control arm, but raised the mounting location and required intrusion into rear cargo space. The coil over spring concept was selected because reliability of the lower control arm was considered of greater importance on the demonstrator than consuming cargo space. Fig. 6 shows the actuator and spring mounted on the front of the HMMWV.
During the linear actuator design phase, a computer optimization program was used to size the actuator and to determine the best spring rate for the HMMWV. Briefly, softer springs reduced actuator forces for rougher terrain but required more actuator force in turns. The best spring rate required lowest over-all actuator force necessary for both rough terrain and turning. The optimum spring rate for the active HMMWV was about half that of the standard design. A softer spring rate could have been achieved in one of several ways: longer springs, lower modulus material (aluminum or titanium) or using gas springs. In general, longer steel springs were heavier and required more space than other options, while titanium springs were expensive and had a long procurement cycle. Air springs were desirable since they are lightweight and offer adjustment capability, however they were more difficult to integrate into the system and they were perceived as being less tolerant of battle conditions than metal springs [4] . Because of the additional suspension travel incorporated into the suspension design, the longer steel spring offered a viable solution without requiring additional modifications. While this spring may not be used in a new vehicle design because of weight, it has proven to be a reliable and adaptable choice for this proof-of-principle demonstration. Because it is longer than the conventional spring, greater wheel travel is accommodated without spring bind. The spring wire diameter and coil diameter remained the same as those of the standard HMMWV spring to insure compatibility with the existing lower control arm. In order to keep the spring stresses the same at twice the wheel travel it was necessary to double the active length of the existing spring. The resulting steel spring has ten turns instead of six (bottom and top turns are not active) and has twice the stroke at half the rate. The prototype actuator tested in the UT-CEM laboratory required several upgrades prior to small-scale production (SSP). Since the original test actuator developmental program, actuator design changes were identified that (1) reduced parts count, (2) reduced manufacturing labor, and (3) eased maintenance and assembly. The most critical design changes were:
· eliminating backlash adjustment · integration of suspension displacement transducer · integrated liquid cooling · improved bearing design The backlash adjustment featured in the original design was eliminated in the update. Fixed backlash consistent with AGMA class 7 resulted in satisfactory performance.
Another change was integration of the suspension displacement transducer into actuator. The linear variable differential transformer (LVDT) type displacement transducer was utilized to provide suspension deflections for control of the suspension. On the quarter car test system, the LVDT was mounted external to the actuator. In the redesign of the actuator, the LVDT was mounted inside, providing it with protection and eliminating mechanical integration requirements during installation on the HMMWV.
The EM actuator for the suspension was designed to operate using air cooling when restricted to a 20% duty cycle (based on initial predictions of off-road actuator peak to rms loads). The off-road predictions did not include turning loads, so water-cooling was incorporated into the EM actuators in order to have a higher margin of safety for heat rejection. The cooling system features a coolant jacket built into the motor mounting bracket. The actuator cooling system was connected to a dedicated heat exchanger, a pump, and flow regulators. Each actuator's temperature was monitored from dashboard-mounted indicators.
In laboratory testing, excessive static friction in the actuator proved to be detrimental to the quality of the vehicle's ride. The SSP design gave considerable attention to reducing friction. The rack bearing uses low friction polymer material and the mating micro-honed cylinder has nickel-plating, which resulted in a smooth, low friction finish.
The refined design paid considerable attention to system weight. Although use of CNC machining techniques permitted the elimination of considerable excess material in the SSP parts, die casting of some parts in the large-scale production will probably further reduce weight.
One of the most important improvements of the EM actuator over the laboratory model was in the motor design. The original laboratory actuator incorporated off-the-shelf motor components. It was desired to reduce the motor constant in order to increase the operational speed of the actuator without exceeding the dc bus voltage. As a result, servo amplifiers capable of higher currents were required. In order to get the most performance available, the motor windings were changed so that the motor peak current exactly matched the peak current of the largest servo amplifier available from Kollmorgan. This change allowed the actuator to perform at 25% greater speed before over-voltage loss of control occurred.
ELECTRICAL SUSPENSION SYSTEM DESIGN AND INTEGRATION
A primary consideration regarding the system electrical design was that the system designed for the hybrid electric HMMWV would temporarily installed on a standard HMMWV and tested then transferred to the hybrid electric HMMWV for its final testing. As this is being written, the system is under going testing on the standard HMMWV. Because development of specialized, application specific, combined servo amplifiers and controller hardware was beyond the scope of this program, commercial components were chosen. Furthermore, since the primary goal of the program was to demonstrate the suspension technology, resources were not allocated to sealing electronics against water intrusion or minimizing component size.
To accommodate the different vehicles, a modular approach was applied to component selection. A block diagram of the electrical system is shown in Fig. 7 . The major components that were obtained from outside sources include the motors, system controller, servo amps, and power supply components.
During the linear actuator development program a Kollmorgan brand dc motor was incorporated into the actuator design. This particular motor was selected because its frameless design facilitated integration into the actuator, and the brushless permanent magnet design provided elements well matched to the suspension requirements:
· long life · high torque to weight ratio · high peak to average torque capability Prior to fabricating the actuators for the HMMWV demonstration, UT-CEM engineers met with Kollmorgan engineering representatives and identified design changes for the brushless dc motor components that would improve the reliability of the motor and make it a better match electrically to the hybrid HMMWV electrical system. The following design changes were identified:
· length of components increased from 9.5 to 11.5 cm (3.750 to 4.525 in.) to increase torque capability by 20%
· stator wound with 13 turns of 17 gauge wire instead of 20 turns of 19 gauge wire; this increases peak current to 124 A, reduces the back EMF constant to 160 V/krpm, and increases actuator maximum speed by 25%
· incorporated 14 AWG motor leads · a 0.18 mm (0.007 in.) Vectran ® banding applied to rotor to improve reliability of magnet bond · magnetic gap increased by thickness of banding to maintain radial clearance between rotor and stator assembly A servo amplifier produced by a different manufacturer was used during single wheel testing. Single wheel tests revealed a force ripple of approximately 18%, for which neither manufacturer would be held accountable since neither had manufactured both components. To insure complete compatibility in the full vehicle demonstration program, a Kollmorgan Servostar® SR55200 brushless dc servo amplifier was selected to drive the Kollmorgan motors in each actuator. The amplifier utilized resolver feedback, provided sinusoidal commutation, and were capable of 55 A continuous current and 110 A peak current. Four amplifiers were required for the vehicle, one for each actuator. Because an alternator was utilized to power the suspension on the conventional HMMWV, a power rectifier module and power averaging filter were also necessary. A diagram of the amplifier connections per actuator is shown for the conventional HMMWV in Fig. 8 and for the hybrid electric HMMWV in Fig. 9 . The power averaging filter was included on the conventional HMMWV so that the alternator could be sized according to average power consumption as opposed to peak power consumption. The Auragen brand alternator which is currently installed under the hood on the conventional HMMWV is rated for a continuous output of 5 kW and for 7.25 kW peak output.
Experimental validation of the power filter's performance was demonstrated on the quarter car test rig while negotiating off-road terrain at a speed of 40 mph. Servo amplifier input power and output power are shown in Fig. 10 . The power filter reduced the instantaneous peak power of 4.1 kW produced from the amplifier (PWM power) to a peak of 1 kW and average consumption of 241 W (rectifier power).
The control system selected for the EMS HMMWV demonstration incorporates prototype control environment and hardware manufactured by D-Space. The system features an automotive ruggedized Autobox® which provides power and a protective housing for the control processor and input/output cards. This approach was utilized because road testing of the EMS had not yet been performed at the time the control system was selected and D-Space's modular design allowed for expansion in both con- Transducer signals were routed through a wiring harness from each corner of the vehicle to a centrally located interface box. The interface box contains terminal strips for the sensor cables, anti-aliasing filters, and other signal conditioning electronics. This interface box provided the flexibility to add sensors and/or change sensor configurations easily, although it came with the liability of additional cargo space consumption. A diagram of this system identifying transducers installed on the HMMWV is shown in Fig. 11 and a summary of the transducers installed is presented in Table 3 .
Driven by the need to quickly transfer instrumentation, control system, and power electronics from the passive HMMWV to the hybrid electric HMMWV, components were mounted on one common tray. The tray is isolation mounted in the cargo area of the HMMWV and features an aluminum cover to provide some protection from the environment. Fig. 12 is a photograph of the tray without its cover as it is mounted on the standard HMMWV. The components as seen starting from the top of the picture are: transducer interface box, control system Autobox®, four Kollmorgan servo amplifiers, aluminum box containing power filter components, Kollmorgan ac power rectifier and regeneration control system, and Auragen alternator electronic control unit. As previously mentioned, the last three components are needed only to power the suspension on the passive HMMWV. In addition, the rear suspension actuators are visible protruding into the vehicle cargo area on either side of the tray. 
VEHICLE TESTING
Testing of the EMS-equipped conventional HMMWV was initiated in April 1999 and is ongoing. Comparative results between passive and active HMMWVs have been limited so far due to lack of availability of an instrumented passive HMMWV and lack of quick access to a calibrated terrain on which a passive HMMWV has already been characterized. So far, testing has been confined to off-road locations in or around Austin, Texas. Prior to installing the active suspension on the HMMWV, characterization and calibration tests were performed to obtain some idea of the conventional HMMWVs performance. The data collected from the conventional HMMWV was limited in that the aforementioned transducer list did not include suspension displacement transducers which were later integrated as part of the actuators. In addition, as new tests were conceived, the lack of availability of a passive HMMWV precluded direct comparisons.
The original projections of low power requirements of 0.82 kW/metric ton (1 hp/ton) for suspension actuators are being confirmed. The 3,400 kg (3.75 ton) vehicle being tested utilizes a 5 kW alternator to provide suspension power. Power conditioning circuits limit the continuous deliverable power to 4 kW, which corresponds to 1.2 kW/metric ton (1.43 hp/ton). On typical offroad terrain tests performed thus far, the average power consumption for all four actuators is less than 1.5 kW (2 hp) or about half of the original projection of 0.82 kW/metric ton (1 hp/ton). It is expected that the power consumption will increase with increased terrain amplitude; however, it should not ever exceed the continuous rating of the Auragen alternator.
At this point in the test program, approximately 400 km (250 miles) were driven both on and off-road. While driving off-road, a conscious effort was employed to avoid obstacles that might deliberately damage the suspension. The purpose of the demonstration is to show the system's capabilities; at this point in time, tests to failure are not considered appropriate.
Qualitatively, during side by side comparisons in both on and off-road situations, drivers feel more comfortable and confident with the active EMS-equipped vehicle. A day was dedicated to side by side qualitative comparisons between a passive HMMWV and the active HMMWV. During the day, severe on road maneuvers, calibrated bumps, and open terrain were negotiated. The on road trials consisted of emergency braking, slalom maneuvers, and a 10 cm (4 in.) tall sinusoidal shaped bump 2.44 m (8 ft) long.
Off-road open terrain driving was performed in a grass covered rectangular field estimated to be 600 m (3/8 mile) in length and 200 m (1/8 mile) wide. The on road driving was performed "follow the leader" and the open terrain was performed like a pseudo race. Several amateur drivers all agreed enthusiastically that the active equipped HMMWV outperformed the passive in all aspects.
Three tests are presented to compare performance improvements on a quantitative basis. The first test involved crossing over a sinusoidal shaped bump 10 cm (4 in.) high and 2.44 m (8 ft) long at 9 m/s (20 mph). During this test, data collected from the passive HMMWV is compared to data from the active HMMWV. In the two tests that followed, roll and pitch based on suspension relative displacements on the active HMMWV were compared with the suspension turned on and the suspension turned off. Because the active equipped HMMWV does not feature an anti-roll bar and also has approximately half the spring rate as the passive HMMWV, the data primarily illustrates the performance improvement capabilities of the active suspension, as opposed to directly comparing the standard passive and actively suspended HMMWVs.
The first test involved crossing a 10 cm (4 in.) high sine-shaped bump that was 2.44 m (8 ft) long. A speed of approximately 9 m/s (20 mph) was obtained prior to striking the bump to correlate with the conventional HMMWV data collected during January 1999. For comparison purposes, wheel and sprung mass accelerations for the conventional and EMS-equipped HMMWV are presented in Figs. 13 and 14 respectively. In addition, the second integral with respect to time for the sprung and unsprung accelerations was computed to provide an estimate of their respective displacements. Due to the short duration of the event, static offset and drift rate corrections for accelerometer could be estimated and applied prior to impact. The computed displacements are plotted on the top part of Figs traversing a 10 cm (4 in.) bump, 2.44 m (8 ft) in length, at speed of 9 m/s (20 mph). From Fig. 13 , the conventional HMMWV wheel obtains a peak acceleration of 25 m/s 2 and the sprung mass obtains about half of that at 12 m/s 2 . In addition, the sprung mass peak to peak displacement exceeds the height of the bump by about 1.5 times. By comparison sprung mass acceleration of the EMS-equipped HMMWV peaks at 5 m/s 2 with a peak to peak displacement approximately half the height of the bump. In summary, this initial test shows the EMS providing approximately 2.5 times reduction in both sprung mass acceleration and displacement.
After the bump test, data from a hard cornering test was recorded to document the EMS HMMWV roll response. During this test the HMMWV was accelerated to 13.5 m/s (30 mph) and then a series of six hard (0.5 g's) turns were repeated. A direct comparison to the conventional HMMWV was not performed because suspension displacements were not available on the conventional HMMWV and the integration approach used previously on the bump test results in substantial drift over the duration of the turning maneuvers. Fig. 15 shows the roll angle vs lateral acceleration rate where the roll angle was calculated from the suspension deflection with the active suspension turned on and off. The active control system reduces the roll rate from approximately 0.14 rad/g (8°/g) to essentially none.
Finally, test data from accelerating and braking was recorded to document the EMS HMMWV pitch response. During this test the HMMWV was accelerated to 13.5 m/s (30 mph) and the brakes were applied to bring the vehicle to a complete stop. Again, a direct comparison to the conventional HMMWV was not performed because suspension displacements were not available on the conventional HMMWV and the integration approach used previously on the bump test results in substantial drift over the duration of the acceleration and braking event. Fig. 16 shows the pitch angle vs. longitudinal acceleration where pitch angle is calculated from the suspension deflection with the active suspension turned on and off. The active control system reduces the pitch rate from approximately 0.05 rad/g (3°/g) to essentially none. The noise on the plots during acceleration results from momentary deceleration that occurs when the transmission shifted.
CONCLUSIONS AND FUTURE WORK
During the initial testing of the active EMS-equipped HMMWV, substantial improvements in performance in comparison to the standard HMMWV were obtained. Sprung mass vertical acceleration and displacement was reduced by 2.5 times as compared to the passive HMMWV when crossing a single bump. Roll during turning and pitch during braking/accelerating have been virtually eliminated on the active suspended vehicle. In addition, driver response has been enthusiastic with regard to the performance improvements provided by the active suspension.
Future testing efforts will include additional side by side comparisons between active and passive suspended HMMWVs. Additional planned program efforts include transferal of the system to a hybrid electric powered HMMWV. Primary areas for improving the active system suspension include: bump stop detection and avoidance, low speed platform leveling and stabilization, and electronics packaging improvements. 
